In this paper, a novel temporary embolization agent for transarterial chemoembolization of liver cancer was developed and tested. The Irinotecan loaded bovine serum albumin (BSA) beads were tried to be used as embolic agent of liver cancer therapy. BSA beads were prepared by a water-in-oil emulsion solvent diffusion method in soya oil and Span 85 was used as the emulsifier. The obtained BSA beads were able to swell 2.37-fold comparing to dried beads. Depending on the equilibrium swelling process, the Irinotecan was loaded with 9.8% total drug concentration and tested. In vitro drug release studies showed that a burst release of Irinotecan was achieved. Eventually BSA beads were completely degraded in a few weeks. CCK-8 assay demonstrated that BSA beads showed no cytotoxicity against human umbilical vein endothelial cells, and the Irinotecan loaded BSA beads showed comparable cytotoxicity against Hep G2, a human liver carcinoma cell line, as the traditional Irinotecan. In a rabbit model, it was found that BSA beads can successfully be transferred to liver and provide occlusion of small arteries. The present investigation suggested that the BSA beads are promising drug carriers and can potentially be used as temporary embolization agents in interventional oncology.
Introduction
Nowadays, most liver cancers are diagnosed at mediate or advanced stages and few effective treatment methods are available [1] . Transarterial chemoembolization (TACE) is a catheter based interventional oncologic therapy that serves as one of the most promising therapies for unresectable primary hepatocellular carcinoma (HCC) and metastatic liver cancers [2, 3] . The basic form of conventional TACE involves a twostep process starting with the intra-arterial administration of chemotherapeutic agents mixed with contrast agents into the tumor-feeding artery via an intra-arterially inserted catheter and followed by selective embolization of the tumor-feeding artery. A series of novel and simplified TACE therapies have been developed in the last decades, such as lipiodol [4, 5] , gelatin sponges [6, 7] , and polyvinyl alcohol (PVA) particles [8] . More recently, these therapies involve the use of drug eluting beads (DEBs) [9] , in which the drug loaded carriers are injected directly into arteries and then the drug carriers will carry the therapeutic agents to sites of tumor, followed by the spontaneous elution of drugs from the carriers into cancer tissues. Typical methods of this regard include DC Beads [10] , HepaSphere [11] , and gelatin microspheres [12] .
Most of the current DEBs are prepared with nondegradable polymers, but, in theory, biodegradable agents probably are more favorable for the following reasons [12, 13] : (1) the agents only work during treatment; therefore, the embolism syndromes can be avoided, (2) bioabsorbable microspheres provide a possibility of repeated embolization after recanalization of vessels in the subsequent chemotherapies, and (3) by taking cell cycles into consideration, repeated therapy probably will be more effective for the same tumor bed for the reason that repeat therapy can kill cancer cells completely. Some of the mostly used biodegradable agents are albumin [14, 15] , gelatin [7, 16] , starch [17] , chitosan [18] [19] [20] [21] , and so forth. What is worth mentioning is that albumin is a promising material and has been extensively investigated as a biocompatible carrier partially thanks to its biodegradability, nontoxicity, and nonimmunogenicity and partially because a variety of drugs can be incorporated onto the material in a relatively nonspecific fashion [22] [23] [24] . Among albumins, bovine serum albumin (BSA) is a serum albumin protein derived from cows and can incorporate a variety of drugs following a relatively nonspecific protocol [23] . In addition, due to the large content of charged amino acids, BSA beads can allow electrostatic adsorption of both positively and negatively charged molecules without the requirements of other modifications. In addition, the functional groups, such as carboxylic and amino groups, in the BSA molecules can facilitate the noncovalent attachment of drug molecules [25] .
In the previous reports [26] , theophylline-loaded BSA microspheres were prepared by an emulsion polymerization method using glutaraldehyde as the cross-linking agent and the results indicated that the BSA microspheres were able to control theophylline release slowly. In this paper, BSA beads were prepared by the emulsion method and the physical, chemical, and biological properties of the products were studied and reported. Furthermore, a widely used antitumor drug, irinotecan [27, 28] , was incorporated to form the drug eluting beads. The in vitro drug release, degradation, and cytotoxicity of the beads are reported. In addition, the in vivo embolization using rabbit as a model has also been investigated.
Experimental

Materials.
Bovine serum albumin (BSA, 96%) was supplied by Nanjing Duly Biotech Co., Ltd. Glutaraldehyde (GA, 50% in water), Span 85, acetone, n-hexane, and other chemicals were all purchased from Sinopharm Chemical Reagent Co. (Shanghai, China) and used as received. Dulbecco's modified Eagle's medium (DMEM, with 4500 mg/Lglucose and L-glutamine) was purchased from Thermo Fisher Scientific China Branch (Beijing, China). Fetal bovine serum (FBS) was supplied by Hangzhou Sijiqing Biological Engineering Materials Co., Ltd. (Hangzhou, China), which was heat inactivated for 30 min at 56 ∘ C and then stored at 20 ∘ C before use. Cell Counting Kit-8 (CCK-8) was obtained from Dojindo Molecular Technologies, Inc. (Shanghai, China).
Preparation of BSA Beads and Irinotecan Loaded BSA
Beads. BSA beads were prepared by a water-in-oil (w/o) emulsion solvent diffusion method. In the preparation, 6 mL 20% (wt/v) BSA water solution was added dropwise to 60 mL soya oil containing 2% (v/v) Span 85 with stirring speed of 900 rpm at 60 ∘ C. After being stirred for 1 h to obtain a stable emulsion, 400 L glutaraldehyde (10%) was added with continued stirring for more than 2 h to cross-link the beads. The soya oil was discarded and the crude beads were rinsed in n-hexane and acetone subsequently for several times until the soya oil was washed out thoroughly. The cross-linked BSA beads were then vacuum-dried at room temperature.
In order to load irinotecan into BSA beads, 200 L irinotecan solution (50 mg/mL) was mixed with 50 mg dried BSA beads. After being completely swelled, the beads were dried with lyophilization at −65 ∘ C for 72 h and the actual amount of irinotecan enwrapped in BSA beads was determined. In detail, 10 mg irinotecan loaded dried BSA beads were ground with an agate mortar and then dispersed in 10 mL phosphate buffered saline (PBS, pH 7.4, 0.1 mol/L) and stirred for 1 h. Then, the suspended fragments were removed by centrifugation. The concentration of irinotecan in supernatant was measured with a Mapada UV1800PC ultraviolet-visible spectrophotometer (Shanghai, China) at 369 nm wavelength. The drug loading content was calculated as the weight percent of irinotecan in BSA beads and the drug encapsulation efficiency was calculated as the weight percent of enwrapped irinotecan to original fed drugs.
Morphological Investigations.
The appearances of the beads were monitored with an Axio Scope A1 fluorescence microscope (Zeiss, German) and the sizes of beads were determined by measuring the diameters of the beads (at least 200) in the microscope photographs both before and after swelling. The swelling ratios of beads were calculated as ( − 0 )/ 0 × 100%, where 0 represented the diameter of beads before swelling while represented the diameter after swelling. The samples with gold coating (approx. 40 nm thickness) were also observed under a SEM (S-3400N II, Hitachi, Japan) at an acceleration voltage of 20 kV in order to investigate the micromorphology of BSA beads.
Chemical Structural Determinations.
Fourier transform infrared spectra (FTIR) of samples were recorded with a PE GX FTIR spectrometer (Perkin-Elmer, USA) at room temperature on KBr pellets with sample concentrations of 1% from 4000 to 400 cm −1 with a resolution of 2 cm −1 . Wide angle X-ray diffraction (XRD) measurements were performed on a Rigaku ULTIMA-3 setup with Mar 345 image plate as detector and CuK was used as the source (wavelength = 0.1542 nm). The recorded region of 2 was from 10
∘ to 40 ∘ with scanning speed 2 ∘ ⋅min −1 .
In Vitro Degradation Determination of BSA Beads.
In order to evaluate the degradation of cross-linked BSA beads, all 25 mg dried beads were put in sealed vial with 4 mL Tyrosine PBS solution (50 g/mL) and then placed in a constant temperature shaker heated to 37 ± 1 ∘ C. In order to guarantee the bioactivity of Tyrosine, half of the solution was changed every two days. At scheduled time points, the beads were filtered from the solution, washed in pure water and ethanol for several times, and finally vacuum-dried and weighed. The relative degradation ratio was calculated by ( 0 − )/ 0 × 100%, where 0 is the original mass of beads and represented the remaining mass after degradation.
In Vitro Drug
Release from Cross-Linked BSA Beads. All 10 mg irinotecan loaded BSA beads were suspended in 2 mL PBS (0.01 mol/L, pH 7.4) in dialysis bag (molecular weight cut-off 3000 Da) and then the bags were immersed
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2.7.
In Vitro Cytotoxicity Studies. The cytotoxicity of BSA beads against human umbilical vein endothelial cells (HUVEC) and irinotecan loaded BSA beads against human liver carcinoma cell line (Hep G2) was determined by CCK-8 assay. In order to evaluate the potential cytotoxicity of BSA beads, cells were seeded in 96-well plates with DMEM supplemented with 10% calf serum and incubated at 37 ∘ C with 5% CO 2 for 24 h. Cells were then exposed to various doses of BSA beads for 24 h, followed by incubation with 20 L of CCK-8 (5 mg/mL in culture medium) for 1 h at 37 ∘ C. The absorbance of the supernatant at 450 nm was recorded with a Rayto RT-6000 microplate reader. Every experiment was performed at least in sextuplicate. The Hep G2 cells for antitumor activity studies were exposed to various doses of irinotecan and irinotecan loaded BSA beads for 24 h and dealt with in the same way like the abovementioned way.
In Vivo Rabbit Model.
Animal experiments were designed to preevaluate the feasibility of embolization in a healthy rabbit. Animal experimental protocols were approved by our Institutional Animal Care and Use Committee (IACUC) of College of Engineering and Applied Sciences, Nanjing University. A New Zealand white rabbit weighing 4-5 Kg was catheterized with X-ray fluoroscopic guidance by using a C-arm unit (Philips Allura Xper FD20). The right common femoral artery was surgically exposed. A 2.7-F catheter (MC-PE27131, Terumo, Tokyo, Japan) was inserted and advanced over a 0.014-inch-diameter guidewire into the targeted hepatic artery. BSA beads dispersed in saline were delivered slowly through the catheter until the total occlusion of the artery was reached. Conventional digital subtraction angiography of hepatic artery was performed before and after the embolization. After the procedure, the animal was euthanized by the injection of 10 mL air through the auricular vein under sedation.
Results and Discussion
Morphologies of BSA Beads and Irinotecan Loaded BSA
Beads. Figure 1 shows the morphology of cross-linked BSA beads and irinotecan loaded BSA beads. Under bright field optical microscope as shown in Figure 1(a) , the beads appear as entirely spherical with size ranging from 100 to 200 micrometers. Under dark field fluorescence microscope (Figure 1(b) ), the beads show green fluorescence. After being lyophilized, the cross-linked BSA beads shrank to 20 to 100 micrometers as observed by SEM but still kept spherical as shown in Figure 1(c) . With magnification of 10000x under SEM, the beads showed smooth surface with slight fluctuation as in Figure 1(d) . Then, the cross-linked BSA beads were incorporated with irinotecan in waterish condition, freeze-dried again, and investigated with SEM; it was found that the beads kept stable with almost no change, even in surface micromorphology (Figure 1(e) ). The evaluation of size distribution of BSA beads as illustrated in Figure 1(f) shows the size distribution of the cross-linked BSA beads before and after swelling. It was found that 80% of the fully swelled beads were in size range from 120 to 180 m with average particle size of 150 m and only 20% were oversized. While the dried BSA beads had an average size of 60 m and swelled 2.37-fold the original size, the swelling ratio for the BSA beads is presented as 137%.
FTIR and XRD Characterization of BSA Beads.
The molecular structure of BSA consists of amino acids, which can react with glutaraldehyde to form a series of complex cross-linked structures, including the formation of Schiff base structure [29] . FTIR spectroscopy is an effective technique to study the secondary structure of proteins before and after cross-linking and it can be applied to analyze the chemical structure transformations of BSA molecule. Figure 2 shows the formation of Schiff base structure. Because the reactions between BSA and GA were intentionally controlled to prepare the light cross-linked beads, the FTIR peak of Schiff base structure in BSA beads was smaller but still it could be observed.
The WAXRD spectra of pristine BSA and BSA beads were shown in Figure 2(b) . The peak intensity of BSA beads was a little stronger than that of BSA, and the peak shape was sharper. Both of them had low and broad peaks at around 2 of 20 ∘ . Since the BSA beads consisted of inhomogeneous BSA molecules, therefore the WAXRD result showed nearly an amorphous state. After cross-linking, aggregation structure of BSA molecules in BSA beads showed almost no changes and still showed an amorphous state. To summarize the results of FTIR and WAXRD, the BSA was successfully crosslinked by GA and the properties of BSA in beads did not change significantly.
Irinotecan Loading and Release Pattern of BSA Beads.
The irinotecan loading and encapsulation of three different batches of BSA beads were assessed by UV spectrophotometry. The results showed that irinotecan was loaded in cross-linked BSA beads at 9.8% mass percentage, achieving a loading efficiency of 58.7%. In Figure 3 (a), FTIR curves of pure irinotecan, BSA beads incorporated with irinotecan, and BSA beads without irinotecan were shown. From the spectrum of irinotecan incorporated BSA beads, the absorption peaks of irinotecan and BSA were observed, indicating the successful loading of irinotecan into BSA beads. When the irinotecan loaded BSA beads were immersed into release medium, irinotecan was dissolved and released from the beads following the release curve as shown in Figure 3(b) .
The release of irinotecan followed a swelling-controlled release mechanism and burst release was observed: 80.6% of irinotecan was released in the first 5 hours. After that, steady release took place and continued for 40 hours to finally achieve the release of 88.4% of the drugs. Figure 2 : The FTIR spectra (a) and WAXRD curves (b) of BSA and dried cross-linked BSA beads.
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3600 3000 2400 1800 1200 600 In our system, irinotecan was absorbed into cross-linked BSA beads and then was encapsulated in the beads after lyophilization. When the beads were immersed in the water again, irinotecan dissolved and diffused from the beads to the release medium. Actually, the release of irinotecan is governed by diffusion and it is influenced by the swelling characteristics of the materials which is dependent on the cross-linking degree of BSA. Comparing to the non-crosslinked system, the cross-linking in BSA beads reduced the mobility of BSA chain segments and compressed the space among the BSA molecules, which was expressed as the decrease of diffusion coefficient and resulted as the slow release of irinotecan from the cross-linked BSA beads.
As a natural protein, BSA is degradable, especially in an enzyme filled environment. Thus, the degradation profile was evaluated in Tyrosine PBS solution and the result was shown in Figure 3(b) . The beads were almost completely degraded within 4 weeks, with the structure changing from sphere to floccule finally becoming solution. The time gap between the irinotecan release and beads degradation also demonstrated that the drug release is not controlled by the degradation but followed a swelling-controlled release mechanism. The drug release and degradation process of irinotecan beads can serve the purpose of both initial drug feeding to the tumor, followed by embolism of the tumor, and then the reopen of the embolized artery by beads being degraded. with BSA beads at various concentrations for 24 h. As shown in Figure 4 (a), BSA beads did not show any cytotoxicity against HUVEC even at the dosage of 1 mg/mL; the cells grew well in all the concentrations of BSA beads comparing to the control group. Moreover, the cellular viability was significantly improved by incubating with the BSA beads at a concentration of 62.5 g/mL for 24 h. We speculate that the amino acids or peptides yielded from the degradation of BSA beads are beneficial to the cell proliferation. When the cells were cocultured with higher dosage of BSA beads, the growth area of cells became smaller because the cells preferred not to grow on the surface of the beads, which was observed under the microscope. Figure 4 (b) shows the in vitro tumor cell killing effects of free irinotecan and irinotecan loaded BSA beads against Hep G2. The cell viability of Hep-G2 at 200 g/mL equivalent irinotecan dosage for 24 h was 37.8% and 42.1% for free irinotecan and irinotecan loaded BSA beads, respectively.
In Vitro Cytotoxicity
In the investigated dosage range, most of the cell viability of irinotecan loaded BSA beads group was slightly higher than that of free irinotecan group but was not of statistically significant difference. This phenomenon may be due to the positive impact of BSA itself, which resulted from the BAS beads decomposition. And the observation is consistent with the results from Figure 4(a) . In summary, the irinotecan loaded BSA beads group shows similar cytotoxicity to free irinotecan against Hep G2. More importantly, the incorporation of irinotecan in BSA beads did not reduce its effect against tumor cells.
In Vivo Embolization Studies with BSA Beads.
As an embolization agent for tumor-feeding arteries, the crosslinked BSA beads were evaluated in a healthy rabbit. staining before embolization were clearly observable as shown in Figure 5 (a). After embolization, these arteries were no longer visible due to the vascular occlusion by the BSA beads ( Figure 5(b) ). A follow-up angiogram performed 15 min after embolization confirmed the persistent occlusion of the hepatic arteries, suggesting that the embolization was well maintained. Because the diameter of the swelled beads is around 150 m, the main hepatic artery is not embolized. It can be deduced that the cross-linked BSA beads are able to penetrate deeply and embolize the smaller and peripheral vessels, which may be related to the smooth and hydrophilic surface of the beads and their deformability; these properties provide the beads with the possibility of flowing along the vessels. However, limited data were collected to investigate the deformability of the bead in this study. BSA beads of different diameters should be investigated in the future to evaluate the deformability in the embolization of vessels of different sizes.
Conclusions
By using a water-in-oil emulsification method, BSA beads were successfully prepared and cross-linked by GA. The swelled beads have the average size of 150 m, and the equilibrium swelling ratio is 2.37. Moreover, it was found that irinotecan can be easily loaded into the beads and then be slowly released from the beads. The cytotoxicity assay suggests excellent biocompatibility of the BSA beads and also proved similar antitumor activity of the irinotecan loaded BSA beads in comparison to free irinotecan. In vivo studies using a rabbit liver cancer model showed the successful embolization of liver and suggest the potential application of the drug eluting beads as chemoembolization agent for liver cancer therapy.
